We demonstrate that high-quality vertically aligned SnSe nanorod (NR) arrays have been synthesized via a facile chemical vapor deposition method on SiO 2 substrates using Bi powder as catalysts. Both SEM and TEM measurements reveal that this kind of SnSe NR consists of a one-dimensional core and dense two-dimensional branches. Thermistors and photoresistors have been fabricated in situ by directly depositing silver paint on the growth substrates. The thermistor shows the great merits of a broad temperature range (77-390 K), linear input-output characteristic, suitable thermal index and high sensitivity. The photoresistor device exhibits relatively fast response time, linear input-output, high reversibility and stability. In addition, both of the devices have the advantages of low cost, environment-friendliness and easy fabrication. The high performance of SnSe thermistors and photodetectors will make SnSe material promising in industrial multi-function nanodevices.
Introduction
Group IV-VI compounds possess excellent electronic and optoelectronic properties, which have been widely used in phase-change memory, topological insulators, field-effect transistors, thermoelectric cells and multiple exciton photovoltaic cells [1] [2] [3] [4] [5] . In particular, aside from their bulk counterparts, a considerable number of low-dimensional semiconductor compounds, such as metal chalcogenides, have been prepared via various physical or chemical methods [3, [5] [6] [7] [8] [9] [10] [11] [12] . Corresponding devices display significantly enhanced properties due to their high surface-to-volume ratio, small size and quantum confinement effects.
Among them, tin (II) selenide (SnSe) is a typical p-type semiconductor with a narrow direct band gap of ∼1.30 eV 3 These authors contributed equally to the work. and indirect band gap of ∼0.90 eV at room temperature [13] . In addition, SnSe is discovered to adopt a particular kind of layered crystal structure: the neighboring layers are weakly bonded together by non-covalent force (figure 1(a)) [14, 15] . Recently, motivated by its narrow band gap, layered structure and some other advantages, including natural abundance, low toxicity and chemical stability, research interests in SnSe nanomaterial have been dramatically growing. Various SnSe nanostructures, including thin films [14, 16] , nanocrystals [17] , and layered nanosheets [18] , have been investigated. However, very few works on the synthesis of one-dimensional (1D) SnSe nanostructure arrays have been reported, and all of them adopt the chemical solution method [15, 16] . It is well known that chemical vapor deposition (CVD) is a powerful method for the growth of high-quality nanomaterials. Nevertheless, we noticed that no CVD method has been employed to synthesize 1D SnSe nanostructure arrays so far. This is most likely due to the great challenge of SnSe growth using the CVD method. Additionally, relevant application exploration on 1D SnSe nanostructure arrays is very rare, although SnSe has demonstrated remarkable optical, electronic and optoelectronic properties [16] [17] [18] [19] [20] .
As is well known, the thermistor is ubiquitous in high-tech research activities, for example aerospace, nuclear and astronomy. Considering that SnSe is capable of converting external environmental stimuli, e.g. heat or light, to easily detectable electrical signals, its temperature sensing and photoresponse properties were preliminarily studied recently [16, 18, 21] . However, the behavior of 1D SnSe nanostructure devices is still unclear. Moreover, compared with randomly oriented nanowires, vertically aligned 1D nanostructure arrays have great advantages, such as synergetic effects originated from individual nanostructures with identical orientations, higher specific surface area and particular spatial structures. These features make vertical nanostructure arrays more competitive in sensing, photodetectors and making hybrid materials in situ for photoelectrochemical cells [22] [23] [24] [25] [26] [27] [28] . Therefore, to synthesize vertically aligned 1D SnSe nanostructure arrays is pivotal to meet the requirement of various device applications.
In this paper, we present a facile CVD method to grow high-quality vertically aligned SnSe nanorod (NR) arrays on SiO 2 /Si substrates using Bi as catalyst. Further, the negative temperature coefficient resistance (NTCR) thermistors and photoresistors are fabricated in situ on the grown substrates. The temperature sensing measurements are made over a large dynamic temperature range from 77 to 390 K. The resistance of the thermistor shows decreasingly exponential dependence with the temperature increasing and changes by as much as seven orders of magnitude, indicating superior high sensitivity of the SnSe thermistor. The photoresistor device also exhibits relatively fast response time, linear input-output, high reversibility and stability. These results demonstrate that the SnSe NR arrays synthesized by the CVD method are promising for multi-functional application, especially for thermistors with high sensitivity and large dynamic range thermistors.
Experimental details

Synthesis of vertical SnSe NR arrays
Vertical SnSe NR arrays are synthesized in a horizontal quartz tube reactor with an outer diameter of 1.0 in, using a similar setup to our previous works [29, 30] . In brief, a quartz boat loaded with a 0.1 g mixture of SnSe powder (99.8%, Alfa Aesar) together with a very small amount of Bi powder (99.9%, Alfa Aesar) is placed at the center of the tube furnace as the source. SiO 2 /Si (300 nm thick SiO 2 ) are placed downstream 30 cm away from the source as the acceptor. Prior to the growth, the tube is pumped down to relatively low pressure less than 1 Pa and flushed with high purity Ar gas several times to remove residual oxygen. Subsequently, the furnace is heated up to ∼800 • C at the center and held for 30 min under a mixed gas flow with 20 standard cubic centimeters per minute (sccm) argon and 5 sccm hydrogen. Finally, the furnace is cooled down to room temperature under Ar gas flow.
Device fabrication
The thermistor is fabricated by directly depositing silver paint onto the two ends of SiO 2 substrates as two terminal electrodes. To avoid the electrical connection between the substrate and as-grown SnSe NR arrays, the arrays close to the edges are scraped off. The distance between the two electrodes is ∼5 mm and the width is ∼4 mm.
Characterization
The morphologies, composition and microstructures of synthesized products are characterized by field emission scanning electron microscopy (FESEM, Hitachi S4800), high resolution transmission electron microscopy (HRTEM, FEI F20) with an x-ray energy dispersive spectrometer and x-ray diffraction (XRD, D/MAX-TTRIII (CBO) diffractometer) with Cu Kα radiation (λ = 1.5418 Å). Temperature sensing in the range from 77 to 290 K is carried out on a probe station (Lakeshore, TTP4) equipped with a vacuum pump and a Keithley 4200 semiconductor characterization system. Moreover, sensing in the range from 300 to 390 K is performed on another probe station (Everbeing, BD4) with a hot chuck in ambient pressure. The photoresponse property is measured on an Everbeing probe station using a laser of 473 nm (RGBLase).
Results and discussion
Figure 1(b) presents a typical top-view FESEM image of as-grown high density SnSe NR arrays. It is apparent that our NR arrays are well aligned, with the same orientation and very high density. Further zooming in on figure 1(b), a small nanoparticle capped on the top of each NR is evidently observed as shown in figure 1(c). In order to better investigate the morphologies along the vertical direction, a representative side-view SEM image of SnSe NR arrays on an SiO 2 /Si substrate is provided in figure 1(d). It depicts that the NRs stand side-by-side perpendicularly to the substrate on the entire substrate, with a homogeneous vertical dimension around 4 µm and an inhomogeneous lateral dimension range from 100 to 500 nm. Meanwhile, we notice that the lateral sizes of the bottom and top are thinner than the middle and the vertical NR is comprised of numerous stacked two-dimensional (2D) nanosheets (NSs). The magnified side-view SEM image in figure 1(e) shows that the thickness of each NS is only approximately 10 nm. Generally based on anisotropic growth, 2D materials tend to form 2D NSs without metal catalysts [31] . In our case, attributed to the effect of Bi catalyst, the vertical growth (4 µm) is at least one order of magnitude faster than the lateral growth (100-500 nm). In addition, it is worthwhile to note that a 300 nm thick SiO 2 layer sandwiches between SnSe NR arrays and the highly conductive p-type silicon, as shown in figure 1(d) . This SiO 2 acts as an insulating layer to avoid the electrical connection between the SnSe nanostructure and the heavily doped p-type silicon layer. The energy dispersive spectrum (EDS) acquired from one individual NR body (not the head) exhibits strong Sn and Se signals and the ratio of Sn to Se is 11.1:12.4, which is very close to the stoichiometric ratio of the SnSe as 1:1. Notably, to obtain the high-quality SnSe As does the description in figure 1(d) , the TEM image in figure 1(a) , the a axis is the [100] direction, which implies the 2D SnSe NSs grow perpendicularly to the [100] direction and stick together by non-covalent force with the help of the Bi catalyst. This discovery verifies that the vertical SnSe NR crystal structure well matches the model shown in figure 1(a) . In addition, we see a nanoparticle catalyst grown at the end of the SnSe NR in figure 2(b) . EDS analysis (figure 2(e)) proves the particle is an alloy of Bi, Sn and Se. Further, a lattice distance of 3.11 Å is observed in figure 2(d) , which should correspond to a certain plane of the Bi-Sn-Se alloy. In fact, control experiments indicate that Bi catalysts are indispensable for obtaining vertically aligned SnSe NR arrays, and Bi as a catalyst effectively promotes the vertically aligned SnSe NR growth.
Through SEM and TEM images, we can clearly see that our as-prepared SnSe nanorod grows layer by layer along the [100] direction, and the adjacent layers coalesce with each other. For further understanding of the growth mechanism, a schematic model of the growth mechanism is proposed in figures 3(a)-(d) . Firstly, the catalyst, evaporated Bi atoms, is carried to the growth substrate surface by the continuous carrier gas flow and gradually forms large Bi droplets. Just like other usually used metal catalysts such as gold, copper and platinum, Bi droplets are employed to induce nanowire synthesis [19] . Secondly, with the increase of source temperature, the produced SnSe vapor is absorbed by Bi droplets to form Bi-Sn-Se alloy, which has been proved by EDS ( figure 2(e) ). With more and more SnSe vapor involved, the supersaturated SnSe atoms precipitate out from the alloy particle and form the SnSe NRs at the bottom of the Bi balls via multiple nucleations ( figure 3(b) ).Thirdly, with the arrival of a flood of SnSe vapor, a large number of SnSe atoms comes downstream. As figure 3(c) describes, SnSe atoms can not only diffuse into the catalyst droplet leading to axial growth by pathway (ii), but they can also diffuse in pathway (i) such that obvious radial growth takes place. It is well known that the 2D nucleation rate J is given by
where σ, γ , k and T are the supersaturation of the adatoms, the edge free energy of the step created, the Boltzmann constant and absolute temperature, respectively. A and B are two constants independent of σ and γ . For the growth of SnSe NRs without any catalyst, it is reasonable and easy to form a 2D nanosheet [32] ; at the same time it is difficult for the atoms absorbed at the basal part to diffuse up and most of them will be reflected due to the Ehrlich-Schwoebel (E-S) barrier. In the synthesis process of the SnSe NR, axial growth and radial growth simultaneously concur in figure 3(d) , hence the slope of the as-prepared NR marked by a red dashed line in figures 3(e) and (d). The slope is dependent on the speed of diffusion and growth, which can be seen in the ZnO nanostructure [33] . As mentioned previously, the vertical SnSe NR arrays grow on Si substrates with a 300 nm thick thermal oxidized layer ( figure 1(d) ).We can make the electrodes directly on the growth wafer. The inset of figure 4(a) shows a schematic diagram of the SnSe thermistor structure. As one main type of temperature sensor, negative temperature coefficient of resistance (NTCR) sensors occupy a large quotient in the market, which is attributed to their high sensitivity, accuracy and also low price [34] . Despite the fact that the SnSe thin film NTCR has been studied [12, 17] , the performance of the SnSe nanostructure thermistor is still unclear.
Therefore, we investigate the temperature sensing performance under a broad temperature range from 77 to 390 K on a probe station and a Keithley 4200 semiconductor characterization system. Being subject to the limit of our present experimental setup, we divide the measurement condition into two parts: one is in the low temperature range from 77 to 290 K tested on a probe station (Lakeshore, TTP4) equipped with a vacuum pump; the other one is performed on another probe station (Everbeing, BD4) with a hot chuck in the high temperature region from 300 to 390 K under ambient pressure. Figures 4(a) and (b) show the typical I -V curves of the SnSe thermistor in the low temperature and high temperature regions. The high linearity of the I -V curves demonstrates very good ohmic contacts between the electrodes and SnSe NR arrays. It is obvious that the resistance strongly depends on the temperature. With the temperature increasing from 77 to 390 K, the resistance of the SnSe thermistor monotonically decreases from 1.61 × 10 13 to 2.11 × 10 6 , changing by almost seven orders of magnitude, indicating the evident NTCR and high sensitivity. According to the theory, the relationship between the resistance of the semiconductor and the temperature can described as follows [16, 21] :
where R T is the resistance of the semiconductor at T K, R 0 is the resistance at T = ∞, E a is the thermal activation energy for conduction, k is the Boltzmann constant and B refers to the thermal index. Equation (1) can also be rewritten as
Based on equation (2), E a and B can be derived from the plots of ln(R T ) versus 1 T −1 . In figures 4(c) and (d), the plots are divided into three distinct linear regions, which are 77 K-150 K (region I), 160-290 K (region II) and 300-390 K (region III), respectively. Related to these three regions, the calculated E a values are E a1 = 0.07 eV, E a2 = 0.49 eV, E a3 = 0.89 eV, and the corresponding thermal indices are B 1 = 428 K, B 2 = 2849 K, B 3 = 5178 K, respectively. In particular, B 2 and B 3 fall between 2000 and 6000 K, indicating that our SnSe NR arrays are suitable for fabrication of high performance thermistors. In addition, the linear input-output relationship between ln(R T ) and 1 T −1 is very beneficial to construct practical high performance thermistors.
To understand the optoelectronic properties of the vertically aligned SnSe NR arrays, the photoresponse properties are also investigated. Because the band gap of SnSe is Figure 5(a) shows the I -V curves of the SnSe photoresistor in the dark and under laser irradiation (λ = 473 nm, power density = 101.9 mW cm −2 ), which were measured by sweeping the bias voltage from −3 to 3 V at a 0.05 V scanning rate using a Keithley 4200 apparatus. The linearity of the I -V curves should be attributed to the good ohmic contacts between the Ag paint electrodes and the SnSe NR arrays. Once the device was illuminated under a 473 nm laser, a drastic current increase compared with that in the dark was detected, as shown in figure 5(a) . To study the stability of the device, the time photoresponse with the laser switching on and off was performed. Five cycles of 'on'-'off' state switching shown in figure 5(b) retain similar dark current, photocurrent and also the same noise level, which indicates the high reversibility and stability of our device. The high dark current of SnSe is most likely due to a large number of free charges caused by the vacancy and surface defects. The results in figures 4(c) and (d) confirm this point. The response and recovery times were studied in an enlarged single cycle shown in figure 5(c) . Here, response time (τ rising ) refers to the time taken from the dark current increasing to 1-1/e ≈ 63% of the maximum photocurrent, and recovery time (τ decay ) is the time taken for the current to approach 1/e ≈ 37% of the maximum photocurrent [35] . The response and recovery times are 8.2 s and 5.3 s, respectively, obtained by fitting the rising and decaying I -t curves using exponential functions. The adsorption and desorption of gas molecules on the surface and various trap states in the materials are very important factors affecting the rise and decay times. The adsorption and desorption of gases is a relatively slow process, which may increase the rise and decay times. For example, the oxygen adsorption and desorption on ZnO result in a slow photoresponse speed [36] . In addition, various traps in the SnSe nanorods can also affect the response and reset times. Once SnSe nanorods are illuminated, photogenerated carriers may first fill the trap states and then reach the maximum, which deteriorates the response speed. Consequently, when the light is turned off, partial carriers will be released slowly from the trap centers, which prolongs the reset time [37] . The dependence of the photocurrent on the laser intensity was also studied. Figure 5(d) shows the plots of photocurrent versus incident light intensity. With the light intensity enhancing, the photocurrent monotonically increases. In particular, there is a linear relationship between photocurrent and light intensity within the range of 4.6-101.9 mW cm −2 , which fully reflects that the SnSe device should be a typical photon-dependent resistor (more photons generate more carriers).
For SnSe thermistors/photoresistors, relatively fast response, high sensitivity, good stability and low cost are important attainments for practical applications. In our study, we demonstrate a simple prototype device which manifests relatively high sensitivity and stability. More importantly, we directly fabricate the thermistor and photoresistor on the grown substrates in situ, which greatly reduces the cost. Through systematic investigation of the SnSe thermistor and photoresistor, the vertically aligned SnSe NR arrays demonstrate a promising potential for multi-function devices. In future, we expect to integrate photosensors, temperature sensors, and perhaps gas sensors to make multi-functional integrated devices. We can use them to detect temperature, light, chemicals, even humidity and so on. For the case of vertically aligned SnSe NR arrays, the special nanostructure consists of numerous stacked 2D branches, which shows the great merits of high surface-tovolume ratio, large surface area and vertical alignment. These advantages make it more suitable for sensing applications.
Conclusion
We demonstrate a facile CVD method to synthesize highquality vertically aligned SnSe NR arrays on SiO 2 /Si substrates using Bi powder as catalysts. Thermistors and photoresistors have been fabricated in situ by directly depositing silver paint on the growth substrates. The resistance of the SnSe thermistor monotonically decreases from 1.61 × 10 13 to 2.11 × 10 6 , changing by up to seven orders of magnitude with the temperature increasing from 77 to 390 K, indicating the evident NTCR and high sensitivity. The thermal index (B) in 160 K-290 K and 300 K-390 K reaches 5179 K and 2849 K respectively, revealing that SnSe is a promising material for temperature sensing. In addition, the photoresponse properties are measured under a 473 nm laser. The device exhibits relatively fast response time, linear input-output and high detection stability. The high performance of SnSe thermistors and photodetectors will make SnSe material promising in industrial multi-function nanodevices.
